Advancement of technologies has resulted in the innovation new engineering materials which are very difficult to machine with conventional machining process. To produce intricate features in these materials with conventional machining process will result in poor surface finish and will require thousands of slide movements. So new non-conventional machining process are introduced to machine difficult to machine materials. Electro Discharge Machining (EDM) and Electro Chemical Machining (ECM) are introduced to meet the needs of industry to machine conducting materials. But for non-conducting materials, a hybrid process combining the features of many conventional and non conventional machining process are required. Electro Chemical Discharge Machining (ECDM) is one such innovative non-conventional hybrid process, which can machine the conductive as well as non conductive engineering materials. In present research work, the effect of process parameters of ECDM on Material Removal Rate (MRR) is studied on borosilicate glass. The design of experiments is used for experimental layout plan for the conduction of experiments. As MRR is found to be non linear, Response Surface Modeling (RSM) is used for optimization of process parameters. The obtained results are validated with experimental results.
Introduction
Electro-chemical Discharge Machining (ECDM) is considered as new hybrid technique, comprising the techniques of ECM and EDM to machine conducting and non conducting materials like silicon, glass, ceramics, composites etc. Since the actual process involved in ECDM is still not fully understood, quality characteristics of the machined part introduces new challenges in machining complicated shapes. ECDM is considered as nonconventional machining to machine electrically conducting and non-conducting materials using the electrochemical discharge phenomenon. If a beyond-critical voltage is applied to an electrochemical cell, discharge initiates gy is used to machine the workpiece.
Nomenclature
RSM response surface modelling C concentration of electrolyte in % of weight V voltage in volts DF duty factor EDM electro discharge machining ECM electro chemical machining ECDM electro chemical discharge machining MRR material removal rate (mg/Hr) TWR tool wear rate (mg/Hr) ROC radius of overcut (mm)
Literature review
Sanjay and Venkateswara [1] , used the ECDM process to machine electrically non-conductive materials like ceramics, such as aluminum oxide (Al 2 O 3 ). To increase the volume of material removed during drilling operations on Al 2 O 3 , two different types of tool configurations, a spring-fed cylindrical hollow brass tool as a stationary electrode and a spring-fed cylindrical abrasive tool as a rotary electrode were considered. The volume of material removed by each electrode was assessed under the influence of three parameters namely, pulsed DC power supply voltage, duty factor and electrolyte conductivity, each at five different levels. The results revealed that the machining ability of the abrasive rotary electrode was better than the hollow stationary electrode, as it would enhance the cutting ability due to the presence of abrasive grains during machining. They have revealed that the used tool was better than the hollow stationary electrode for better MRR. The effect of tool electrode surface roughness on gas film formation was detailed by C. Yang et al. [2] and they have revealed that the gas bubbles of bigger mean diameter are formed on tool electrode of greater surface roughness, thus forming a thicker gas film. This leads to micro-holes of larger diameter after machining. Various profiles were cut on non-conducting materials with ECDM setup by Somashekhar et al. [3] . It was observed that the presence of tool vibration and side sparks affected the profile produced on workpiece. Similarly the micro holes were drilled on various glass pieces and its roundness was measured and presented in paper by Somashekhar et al. [4] . Micro holes with Heat Affected Zone (HAZ) are described in the paper. The major limitation of the electrochemical spark machining process was very low penetration depth, which limited its use for drilling purposes. This has been partially overcome by the use of an orbital rotational tool and by employing higher voltage across the electrodes as well as a higher temperature of the electrolyte. The influences of various power circuit configurations on the MRR, the Tool Wear Rate (TWR), the Radial Over-Cut (ROC), and the Heat-Affected Zone (HAZ) have been investigated using NaOH salt solution as electrolyte by Sarkar et al. [5] . The individual effects of the inductance (L), resistance (R), and capacitance (C) of the power circuit on machining performance have been studied experimentally in order to find their optimal values.
Kulkarni et al. [6] , made an attempt to identify the underlying mechanism of ECDM through experimental observations by time-varying current in the circuit. They found that when an isolating film of hydrogen gas bubbles covers the cathode tip portion in the electrolyte, a large dynamic resistance gets formed and the current through the circuit becomes almost zero. A high electric field gets generated across the cathode tip and isolated electrolyte causing an arc discharge within the gas layers covering the tip. The electrons flow towards the workpiece kept near the cathode tip. This flow of electron is seen as a current spike of about 20 A or more for a short duration of a few milliseconds. This bombardment of electrons raises the temperature of the workpiece momentarily and then the temperature decreases due to quenching. ECDM of glass has been investigated using current/voltage measurements combined with photographs of the tool electrode under different regimes by Fascio et al. [7] . Due to the ohmic heating, the temperature in the vicinity of the tool electrode reaches the boiling point of the electrolyte resulting in the generation of water vapour bubbles. These bubbles cover the active surface area of the tool electrode, leading to blanketing (i.e., isolation between tool and electrolyte). Once the bubbles dislodge from the tool surface, contact between the electrolyte and tool is re-established and the cycle will be repeated. Gautam and Jain [8] conducted experiments on borosilicate glass and quartz work materials using various tool kinematics with a view to enhancing the process capabilities. They have conducted experiments with constant velocity feed along with tool rotation for maximum material removal rate. Also they have explained the advantages of constant velocity feed over gravity feed mechanism. Bhattacharyya et al. [9] conducted experimental investigations to machine non-conducting ceramic materials using ECDM. Keeping in view the influences of the various process parameters of ECDM, the modular mechatronic machining setup was indigenously designed and developed. In addition, an attempt has been made through these sets of investigations to explore the influence of a suitable and effective tool tip geometrical shape, for greater machining rate and accuracy. In order to control the feed movement of the workpiece a gravity feeding arrangement was used. Wüthrich et al. [10] discussed various tool feeding mechanisms of SACE micro-hole drilling on glass. They have used a stainless steel tool electrode of 0.4 mm diameter with gravity tool feed . They have drilled more than 500 micro-holes using the same tool, and no tool wear was noticed during machining. Fascio et al. [11] proposed two theoretical models of Spark Assisted Chemical Engraving (SACE) phenomenon same as ECDM phenomenon. First model based on percolation theory and predicts the critical parameters --amplitude and duration. The machining depth in glass plate was estimated using these data by a numerical simulation. Thermal energy of spark is utilized to drill the micro holes on the non-conducting materials by Allesu and Ghosh. [12] .A simple electro chemical cell consists of two electrodes dipped in the electrolyte. When an external potential is applied between the electrodes, electric current flows through the cell resulting in electrochemical reactions such as anodic dissolution, cathode deposition, and electrolysis [13] .The MRR in ECDM process was modelled and evaluated as 3-D unsteady state heat conduction problem by Jain et al. [14] . The problem is solved using the finite element method to compute the temperature distribution. This was postprocessed for estimating material removal per spark, over cut obtained in the machined cavity and attainable maximum penetration depth. Jain et al. [15] also conducted an experiment with combined electrochemical spark drilling with abrasive machining. They used a rotating tool impregnated with abrasive particles for machining. This was done to take advantage of both the processes, i.e. material removal by thermal erosion and abrasive machining. The workpiece materials used were alumina and borosilicate glass and an aqueous solution of NaOH was used as an electrolyte. Conventional cutting tool -mild steel and abrasive cutting tool having impregnated abrasive particles were used as tools. The size and shape of the conventional cutting tool were the same as that of the abrasive cutting tool. Two parameters, electrolyte temperature and supply voltage were varied during experiments. They have reported that abrasive cutting tools shown an improved performance both in terms of material removal and machined depth, related to machining of electrically non-conducting materials -alumina and borosilicate glass. Also machining performance of the ECDM process using abrasive cutting tools improved with an increase in supply voltage and temperature of the electrolyte.
In ECDM process, generally a cumulative effect of discharges striking the workpiece surface and electrochemical dissolution process are observed. Mathematical modeling of this process is hence difficult. To overcome this issue an attempt has been made to develop a mathematical model based on response surface regression model in MINITAB, using the experimental data obtained, which are designed based on Taguchi method. Present paper focuses on micro hole machining of blind holes in borosilicate glass under various process parameters as applied voltage, electrolyte concentration and duty factor. Taguchi method of robust design was used in conducting the experiments.
Experimental setups
The setup has been built with aluminium frames to machine micro holes on engineering materials as shown in Fig 1. In this setup tool feeding is done through a servo motor actuator with high precision.
It has a processing cell and a tool feeding mechanism. Processing cell consist of acrylic chamber of 100 mm diameter. The work piece is fixed using work holding devises and is filled with electrolyte till it gets just immersed in electrolyte. The speed reduction is obtained by worm wheel and worm gear (25:1) arrangement. The worm is attached to the stepper motor shaft and the worm wheel has 25 teeth attached to the screw rod of 1mm pitch. Screw rod is connected to the dovetail guide ways using screw and nut arrangement. This arrangement gives 0.04 mm movement to the dovetail guide ways. A conducting chuck fixed in a small sleeve is used to hold the tool. A graphite plate of 50mm x 30 mm x5 mm is used as anode and tungsten carbide wire of 300 micron is used as cathode tool. With the help of function generator different output waveforms over wide range of frequencies are generated.
Process parameters
Concentration of the solution, voltage applied across the electrodes and duty factor for the pulsed DC are identified as the critical process parameter. Each of these parameters is varied in three levels as shown in the following table 1. Borosilicate glass of 0.5 mm thickness is used for conducting 9 experiments designed based on Taguchi L9 method, to study the micro-holes drilled using tungsten carbide tool. The profiles of the holes are magnified to 50X with the help of the optical microscope and 80 X in scanning electron microscope as shown in Fig 2. The images were taken to study the radial overcut of the holes. These images are processed using the MATLAB code to find radial over cut, using the least squares circle principle as suggested by Kaiser and Morin [17] as follows:
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, Table 2 shows the material removal rate, tool wear rate and out-of-f f roundness and overcut of the hole machined in the borosilicate glass. The tool feed rate was maintained constant at 0.04mm/min.
From the table it can be seen that over cut is high in some conditions where machining is difficult due to tool bending and overheating at the top surface. To reduce the overcut tool feed rate can be increased at high concentration and high duty factor.
Optimization of process parameters u method
The philosophy behind Taguchi robust design is to control the effect of variations caused by noise factors on the product quality characteristics rather than controlling the source of the noise itself. In order to minimize the variations in the quality characteristic or response, Taguchi introduced a method to transform the repetition data to another value, which is a measure of variation present in the scattered response data. This transformation consists of the computation of signal-to-noise (S/N) ratio ( performance measure, which reflects the amount of variation present. 
2 1
is the S/N ratio calculated from observed values y i is the experimentally observed value of the i th experiment and n is the number of repetitions of each experiment.
The optimum level combinations of process parameters for MRR are found at voltage of 70V, electrolyte concentration of 25 %wt and duty factor of 70%. For TWR optimum value are found at voltage of 50V, electrolyte concentration of 30 %wt and duty factor of 70% and for ROC at a voltage of 60V, electrolyte concentration of 30 %wt and duty factor of 70%.
Response surface modeling of ECDM characteristics
After performing a set of experiments to obtain the process responses or outputs according to the experimental designs, the next step is to take the vector of inputs (X) and the corresponding outputs (Y) to fit the appropriate model. The most widely used response surface function is a mathematical polynomial function. The general second order polynomial response surface mathematical model, which analyses the parametric influences on the various response criteria, can be described as follows:
where, Based on Eq 8, the effects of the above mentioned process variables on the magnitudes of the MRR have been evaluated by computing the values of various constants using MINITAB and the relevant experimental data from table 2.The mathematical relationship for correlating the material removal rate and the considered machining process parameters can be expressed as follows Similarly, the mathematical relationship for correlating the tool wear rate and the considered machining process parameters can be expressed as follows: 
The developed mathematical models can be used to analyze the effects of the machining parameters on material removal rate and tool wear rate.
Results and Discussions

Effect of process parameters on MRR
Response surface plots and contour plots were drawn between process parameters and various responses studied.From the Fig 3 it is clear that the MRR increases as the duty factor and concentration increases [19] . At higher electrolyte concentration, more electrochemical reactions occur between the tool and the auxilary electrode, which in turn produce more gas bubbles at the sparking zone, with the generation of greater number of sparks. At 25%wt concentration and 60% duty factor the MRR is found to be 0.96mg/hr.
Effect of process parameters on TWR
Tool wear rate decreases with increase in concentration, which shows that high duty factor and high concentration are optimum conditions for the material removal rate of borosilicate glass. Whenever the conditions are suitable for material removal rate, the tool will peneterate in vertical direction and therefore radial over cut will be less. At 60% duty factor and 25%wt concentration the TWR is found to be 0.62 mg/hr as shown in Fig.4 . 
Effect of process parameters on ROC
From Fig 5, it is found that ROC get decreased with increase in concentration and duty factor. This is mainly due to reduction in side spark at tool tips. At 60% duty factor and 25%wt concentration the ROC is found to be 0.2mm as shown in Fig.5 .
Similarly, keeping concentration constant at 25%, voltage and duty factor are varied .It is found that MRR and TWR get increased and ROC get decreased with increase in voltage and duty factor. Also keeping duty factor constant at 60 %, increasing concentration and voltage, resulted in an increase in MRR and TWR. This is due to high discharge energy produced due to high voltage.
Conclusions
Micromachining of borosilicate glass is done using ECDM to produce blind holes and to study the effect of various process parameters on the same. Voltage, duty factor and concentration are taken as process parameters and the optimum value is obtained to be as voltage of 60V, electrolyte concentration of 30 %wt and duty factor of 70% using Taguchi method of optimization. These three values are the optimum values to reduce the radial overcut.RSM method are used to mathematically model the MRR and TWR and following observations are noticed.
1. MRR increases with duty factor ,concentration of electrolyte and voltage and is found to be 0.96mg/hr at 25%wt concentration and 60% duty factor the MRR.This is due to high thermal enrgy produced in the spark and high rate electroltic reaction.
2. Tool wear rate is found to decrease withincrease in concentration . At 60% duty factor and 25%wt concentration the TWR is found to be 0.62 mg/hr. TWR increases with increase in voltage as most of heat will be dissipated through tool materials than through workpiece or electrolyte.
3. ROC decreases with increase in voltage, concentration and duty factor due to reduction in side spark at the tip of the tool. At 60% duty factor and 60V, ROC is 0.2 mm. 
